We examined the thermoelectric performance of Tl 8 GeTe 5 at temperatures ranging from room temperature to 700 K. We prepared sintered samples and evaluated their thermoelectric properties. Although the electrical properties were not exceptionally high, Tl 8 GeTe 5 exhibited the relatively high dimensionless figure of merit ZT, i.e., 0.19 at room temperature and 0.60 at 700 K, due to the low lattice thermal conductivity.
Introduction
To exhibit advantageous thermoelectric properties, a material must possess a large thermoelectric figure of merit: ZT as given by the equation ZT ¼ ðS 2 ÞT=, where S is the Seebeck coefficient, is the electrical conductivity, is the thermal conductivity, and T is the absolute temperature. Bi 2 Te 3 /Sb 2 Te 3 alloys are known as the best bulk thermoelectric material with high ZT values of near 1 at room temperature. 1, 2) In recent years, a vigorous research effort has been underway to find bulk materials with higher ZT values, including filled skutterudites, 3) zinc antimonide, 4) CsBi 4 Te 6 , 5) and cubic AgPb m SbTe 2þm . 6) One of such materials that deserve further consideration as advanced bulk thermoelectric materials is ternary thallium tellurides with low thermal conductivity. Among these, Ag 9 TlTe 5 was found to have the highest ZT value of 1.23 at 700 K. 7) However, other thallium tellurides, including thallium germanium tellurides 8, 9) have been less explored and their transport properties at high temperatures have not been studied in detail. In the Tl-Ge-Te system, only two compounds: Tl 2 GeTe 5 8) and Tl 2 GeTe 3 9) were characterized as thermoelectric materials, and confirmed that they indicated relatively high ZT values, i.e., ZT ¼ 0:10 at 250 K and ZT ¼ 0:29 at 473 K for Tl 2 GeTe 5 and Tl 2 GeTe 3 , respectively. Although the Tl-Ge-Te system has not been deeply and widely investigated as thermoelectric materials, compounds existed in the system would have a potential to show good thermoelectric performance. Therefore, we prepared polycrystalline samples of the thallium germanium telluride: Tl 8 GeTe 5 and characterized their thermoelectric properties from room temperature to slightly below the melting temperature.
Experiment
Polycrystalline samples of Tl 8 GeTe 5 were prepared. The appropriate amounts of Tl 2 Te and GeTe were sealed in silica tubes, melted at 1273 K, and annealed at 573 K for one week in order to homogenize the samples. Tl 2 Te and GeTe were supplied by Furuuchi Chemical Co., Ltd. The obtained ingots were crushed to a fine powder (<45 mm), followed by forming into pellets using a Cold Isostatic Press (CIP). Column-shaped (10 mm in diameter and 12 mm in height) and disc-shaped (10 mm in diameter and 1 mm in thickness) pellets were prepared. The pellets were sealed in silica tubes and sintered at 573 K for two days. The density of the polycrystalline samples was calculated based on the measured weight and dimension.
The obtained samples were characterized with a powder X-ray diffraction (XRD) method using Cu K radiation at room temperature. Electrical resistivity () and Seebeck coefficient (S) were measured in a helium atmosphere from 320 to 700 K by using ZEM-1 apparatus (ULVAC), in which the was measured by the four-probe method. In the ZEM apparatus, in order to prevent the influence of the sample's Peltier effect on the voltage measuring, the voltage is measured instantaneously just after stabilizing the applied current. Thermal conductivity () was evaluated from thermal diffusivity (), heat capacity (C P ), and density (d) using the relationship of ¼ C p d. Thermal diffusivity was measured by the laser flash method in a vacuum from 300 to 700 K by using TC7000 apparatus (ULVAC). The heat capacity of the ternary compound was estimated from the Neumann-Kopp law using the data for Tl 2 Te and GeTe.
Hall coefficient (R H ) was measured at room temperature by the van der Pauw method in a vacuum under an applied magnetic field of 0.5 T. Hall carrier concentration n H (¼ 1=eR H ) and Hall mobility H (¼ R H =) were calculated based on the assumption that the Hall factor was 1 and on the assumption of a single band model, where e was the elementary electric charge.
Longitudinal and shear sound velocities were measured by using an ultrasonic pulse-echo method at room temperature in air. The experimental sample was bonded to a 5-MHz longitudinal or shear sound wave echogenic transducer. From the measured sound velocities, the average sound velocity (v ave ) was evaluated.
7) The column-shaped pellets were used for the , S, and sound velocity measurements. The discshaped pellets were used for the and R H measurements. 
Results and Discussion
The powder XRD pattern of the polycrystalline Tl 8 GeTe 5 is shown in Fig. 1 For the possible composition, we considered three cases; in case 1, vacancies occupy both the germanium and tellurium sites and then the theoretical density is calculated to be 7.4 gcm À3 ; in case 2, vacancies occupy only the tellurium site and the theoretical density is 8.2 gcm À3 ; and in case 3, there are no vacancies but there are interstitial atoms of thallium and/or germanium and the theoretical density is 8.9 gcm À3 . On the other hand, we determined the sample's powder density by an immersion method to be 8.6 gcm À3 . Therefore, the composition would be either case 2 or case 3. The sample's bulk density was 7.5 gcm À3 , which is approximately 87% of the powder density. Anyway, we are now carrying out the Rietveld refinement. The correct structure will be reported in near future. Figure 2 shows the temperature dependence of the , the S, and the power factor (¼ S 2 =) of Tl 8 GeTe 5 , together with the data of other thallium germanium tellurides. 9, 10) In addition, the value measured by the van der Pauw method was indicated by the ''x'' mark. The and S measurements were performed at both rising and falling temperatures, and we confirmed the reproducibility of the obtained data sets. The magnitude of of Tl 8 GeTe 5 , shown in Fig. 2(a) , was on the order of 10 À4 m and remained at a constant value up to around 500 K, then decreased gradually with increasing temperature. The sign of the S was positive, indicating that the majority of charge carriers were holes. The S values of Tl 8 GeTe 5 were approximately 180 mVK À1 around 500 K, and then decreased with increasing temperature. In both -T and S-T plots, there was a flexion point at around 500 K. While the cause of this temperature dependence is still unknown, we will try to clarify it with hightemperature XRD measurement and thermogravimetricdifferential thermal analysis. The power factor of Tl Fig. 2(a) .
On the other hand, quite low sound velocities were confirmed in Tl 8 GeTe 5 . Room temperature v ave value of Tl 8 GeTe 5 was 1052 ms À1 , which is comparable to that of pure Pb. From the viewpoint of this low v ave , weak interatomic bonding and consequently low lattice thermal conductivity ( lat ) will be expected in this material.
The temperature dependence of the of various thallium tellurides are shown in Fig. 3 . The of Tl 8 GeTe 5 gradually increased with temperature due to the contribution of the electronic thermal conductivity ( el ). el was roughly calculated with the Wiedemann-Franz relation using the Lorenz number. While the Lorenz number can be calculated Thermoelectric Properties of Tl 8 GeTe 5 with Low Thermal Conductivityusing the Fermi energy and the scattering parameter, the number we used here is 2:45 Â 10 À8 WK À2 based on the free-electron model. lat was obtained by subtracting el from the measured . The lat of Tl 8 GeTe 5 was low with rather flat temperature dependence. This low lat was caused by both the sample's low bulk density ($87% of the powder density) and the intrinsic features of Tl 8 GeTe 5 , i.e. the weak interatomic bonding and the complex crystal structure.
The thermal conductivity can be expressed in a general form of ¼ ðC V vlÞ=3, where C V is the specific heat capacity at constant volume, v is the mean phonon velocity, and l is the phonon mean free path. We roughly estimated the phonon mean free path of Tl 8 GeTe 5 at room temperature. With the following values for the parameters , C V , and v: 0.14 Wm À1 K À1 , 1.15 JK À1 cm À3 , and 1052 ms À1 , we obtained the phonon mean free path of around 0.35 nm, and is similar to unit cell dimensions. This means that the of Tl 8 GeTe 5 was reduced to the minimum limit, like amorphous solids.
Due to the low lat and the moderate electrical properties, Tl 8 GeTe 5 exhibited relatively high ZT, as shown in Fig. 4 . The values were 0.19 at room temperature and 0.60 at 700 K. These ZT values were larger than those of the thallium germanium tellurides reported to date. 8, 9) 4. Summary Sintered samples of Tl 8 GeTe 5 were prepared and the thermoelectric properties were evaluated from room temperature to 700 K. Although the electrical properties were not exceptionally high, Tl 8 GeTe 5 exhibited the relatively high ZT value around 0.6 at 700 K due to the low lat around 0.2 Wm À1 K À1 over the measured temperature range. This low lat is probably caused by the weak interatomic bonding and the complex crystal structure including a lot of vacancies and/or interstitial atoms in the cell. We can conclude that ternary thallium tellurides including Tl 8 GeTe 5 would be a next generation high-performance bulk thermoelectric material. 
